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Abstract

Past limnological conditions of Lake Mbalang (7913°44’E, alt: 1130 m) and vegetation
type were reconstructed from diatoms and sedimerstable carbon isotope records’C)
since 7200 cal years BP. The data showed thatd&®00 yrs cal BP the water column was
preferentially stable except around 5000 — 5300ycaBP where diatom evidenced a mixed
upper water layerp®C data suggest more forested vegetation in thistape. These stable
conditions can be explained by a strong monsodmaland correlatively northern position of
the ITCZ that entailed high/low rainfalls well disuted over the year to allow the
development of mountainous forest taxa. The derrgdsend of the monsoonal flux towards
mid-Holocene was however affected by several abogptennial to millennial time scale
weakening at 6700, 5800-6000, 5000-5300, 4500 &00 8al yrs BP although their impact
on the vegetation is not visible probably becaasafall distribution was favourable to forest
maintenance or extension. After 3600 cal yearstB&ywater column became very mixed as a
result of more intense NE trade winds (Harmattémat ted at ~3000 cal years BP to the
instalment of savannah in the vegetation landsoaleat time, rainfall was probably reduced
following the southwards shift of the ITCZ and ttestribution of yearly rainfall was not
more favourable to forest development. Thus a gtreeasonality with a well marked dry
season was established, conditions that maintdireedavannah vegetation till today. Diatom
data suggest the lake did not dry during the |12607cal years BP, however, a low lake level
observed at 2400-2100 cal years BP is contempougntp a climatic event evidenced in
several areas of tropical Africa and could corresbto the southernmost position of the
ITCZ. Other low lake levels are observed at 1800 00 cal years BP, after which the lake
rose to its present level.

Key words: Adamawa, Holocene, diatoms, carbon [mmtolake level, vegetation,

monsoon/Harmattan, climate change.



1 Introduction

Climatic changes during the Holocene in WesterricaAfhave been mostly studied in
the subequatorial forest and Sahelian/arid regidime two regions are submitted to the
atmospheric monsoonal flux from the tropical Atlarthat reaches its northern maximum
extension during the northern summer (July-Augumsthe present days. It is present over the
year in the northern subequatorial regions exceping a 3-month dry season centered in
January. At these latitudes, this monsoonal fluxcharacterised by a deep atmospheric
convection; however, a relative stability of thenasphere at low levels, at the base of the
monsoonal flux is observed in July-August when Ititertropical Convergence Zone (ITCZ)
is farthest North. Convective rainfalls are almagppressed during this period of the year at
the northern border of the Guinean Gulf.

During the Holocene, the monsoonal flux penetratede or less deeply inside the
Saharan region entailing an alternation of wet@iydphases (e.g. Servant et Servant-Vildary,
1980; Gasse, 2000), superimposed on a general wéndonsoonal weakening flux in
response to decreasing summer insolation of thther hemisphere (Kutzbach & Street-
Perrot, 1985). Modifications in the intensity oetimonsoon were also suggested by changes
of precipitationminus evaporation balance at subequatorial latitudedbfta& Delibrias,
1980, Nguetsop et al., 2004).

Concordant data from low and high altitudes in WestCameroon (Maley and
Brenac, 1998; Reynaud-Farrera et al., 1996; Ngpets@l., 1998; Stager and Afang-Sultter,
1999; Vincens et al., 1999; Ngomanda et al., 2@009b; Kossoni et al., 2009) suggest that
climatic changes were also controlled by modifasi in the vertical structure of the
atmosphere (Nguetsop et al., 2004). The presehlestar layer situated at the base of the
monsoonal flux in July-August could have extendedle western Cameroon lowlands and
mid altitude areas during the greatest part of ybar entailing the almost suppression of
convective rains before 3000 years BP. After tlzdé dthe influence of the stable air layer has
been strongly reduced and convective rainfall reapgd. If this is true, one can expect
different climate evolutions between lowlands sootithe Adamawa plateau, mid altitude
regions such as Adamawa (1000-1100 m), and weS&mmeroon highlands (> 2000 m).

Available paleoclimatic records of the last 300@ngein the tropical zones of Africa;
close to the Atlantic coast of Gabon, West-Cameraond South-Congo (Ngomanda et al.,

2009a; Nguetsop et al.,, 2004; Vincens et al., 1998)gest significant modifications in



abundance and/or seasonal distribution of rainfalfesponse to north south shift of the
Intertropical Convergence zone (ITCZ). Thus, climathanges affected in the past water
resources that impacted on human population andtatgn landscape of central and north
tropical Africa. Paleoenvironmental studies showeat the rain forest belt was reduced and
persisted only in refuge zones during the Last @lanaximum (e.g. Maley, 1987). Between
~ 2500-2000 yrs BP, the rain forest was strongbtulbed or was replaced by savannas
depending on the sensibility to climate changeahesite in central Atlantic Africa (Vincens
et al., 1999). The present day “hot spots” of biedsity (Tchouto et al., 2006) and the spatial
heterogeneity of the rain forest are probably iitbdrfrom past climate changes. The
guestion is how the Adamawa plateau located betwerdry zones in the North and wet
areas in the south responded to theses major aictenges.

Organic components in lake sediments are suppledllbchtonous organisms and riverine,
terrestrial and atmospheric inputs. They are bi@erar of biological production, source
organisms, and paleolimnological changes in theindge basin. Here we study
paleolimnological changes inferred from a multispradata set of microfossils and stable
isotope ratios of organic carbon sediment of the &4 retrieved from Lake Mbalang in the
Adamaoua in Cameroon, along with sedimentary fa@Nggs and Giresse, in press) and
carbon-14 dating by a Tandetron accelerator masstrgmetry (AMS). Specifically, past
limnological conditions will be accessed througle #malysis of diatom ecological groups;
variations in trade winds (Harmattan and monsoomgnisity will be reconstructed from
allochtonous diatom taxa, or species that charigetstable water table. The vegetation type
(C3 versus C4 plant balance) and/or lake will beonstructed through the evolution of
sedimentan®-C compared to published palynological data showfrag Mbalang area was
only made up of patches of forest surrounded byarma&s (with fluctuations of their
respective areas) and from ca. 2500 BP, the regia®m completely covered by savannas
(Vincens et al., 2010). These are discussed inigaldao the Monsoon African System and

environmental changes for the last 7 kyrs BP.

2 Thedte
2.1 Location and general characteristics of the studied lake

Lake Mbalang (7°19'N, 13°44’E, alt: 1130 m) lies ¢ime Adamawa plateau that
belongs to the Cameroonian volcanic line (FigureThis high topographic unit (850-1200
m) extends between latitudes 6° and 8° north abadmn longitudes 11°30’ to 15° 45’ east.



The plateau is limited in the North by the relatpwi®wlands of the Benue plain (800-300 m)
and in the South by the sub-Cameroonian platea0-$80 m). Crystalline and foliated
metamorphic rocks make up the substratum of this winich is largely covered today by
ancient volcanic basaltic flows differently altefedm one region to another (Humbel, 1967).
According to Geze (1943), in the Adamawa as wellirmghe whole volcanic line of
Cameroon, three volcanic series can be encountéredower black series to which Mbalang
belongs dated from upper Cretaceous to upper Ed&ahelier, 1957), the medium white
series (end of Neogene) and the upper black s@iesternary). These series are respectively
composed of basalts and andesites conserved amwvighll clays, trachyte and phonolithe
lavas, and basaltic volcanic deposits. Volcanic smchlitic materials in form of dome and
outcrops are encountered at the vicinity of theelakoils are mostly ferralitic, rich in
aluminium and iron oxides with frequent neoformataf halloysite and kaolinite. Other clay
minerals present include gibbsite and siderite.

The lake, with a surface area of 50 ha and a nawatgrshed (~ 90 ha), is a volcanic
maar described as an asymmetric bowl with steepesloLake Mbalang water maximum
depth is about 52 m and is characterized by therelesof a present day river inlet. The
euphotic zone is 3.45 m deep (Kling, 1987). Acaogdio Kling (1987), lake Mbalang is
“moderately stable”; however a relatively cool apiion is subjected to period of surface
warming in times of low wind stress. The water ootuis then affected by yearly
modifications of mixing depth that could be atttiéa primarily to higher temperatures as
well as intensity of storms or maximum wind speé&be lake is fed only by rainfall and
runoff from the catchments, water losses occurutjncevaporation; however a surface outlet
is present at the southeastern part of the lakdumations only during very high lake levels
over the year. The 210Pb profiles along the fists of the sediment in the lake suggested
regular sediment supply from smooth erosion of sherounding catchments, hence fossil
sediments of the lake can be presumably suitablpdi@oenvironmental studies (Pourchet et
al., 1987).

2.2 Vegetation

The Adamawa region is occupied by tree or shrulrsaas characterized Baniellia
oliveri (Caesalpiniacedeand Lophira lanceolata(Ochnaceag these savannas are strongly
altered in some areas due to their permanent ugeaasg land. Highest altitudes areas are
occupied by soudano-guinean vegetation dominated Hyynenodyction floribundum
(Letouzey, 1968; 1985). The edges of the lake aweenforested with taxa such @soton



macrostachyus, Sterculia tragacantha, PolysciayaulRauvolfia vomitoria, Pittosporum
mannii, Ficus capensis, etcTypical savanna trees encountered wen@mona senegalensis,
Allophilus africanus, Cussonia barteri, PiliostigmitBonningi, Terminalia glaucescerad

Harungana madagascariensis

2.3 Climate

The region is under the influence of the altitadlitropical climate that shows two
distinct seasons: the dry season that last fromehidper to March and the rainy season from
April to October with rainfall maxima in July-Septeer. The mean annual rainfall is 1500
mm; mean annual temperature varies from 23 to 2¢Si€hel, 1988). In a classic picture,
seasonal changes are explained by the displacedugimg the year of the intertropical
convergence zone (ITCZ) in direction of the mosited hemisphere. During the dry season
(boreal winter), the ITCZ is located south of théafnawa plateau, the zone is then under the
influence of the dry north-eastern trade winds (hittan). It moves northwards during the
rainy season (boreal summer), the zone is thenruhdenfluence of humid south-western air
masses (monsoon flux) that bring precipitation (Fég2a). However, the African Easterly
waves may strongly modulate the spatial organisaifaainfall over West Africa (Nicholson,
2009).

3 Material and methods
3.1 Description of the core

The core was collected in March 1998 at the cqudreof the lake (44 m deep) with a
Mackereth air-compressed corer by Ecofit prograamteThe lithology of the 6 m long core
(Figure 3) showed globally a dark clayey organicdmith clearer/darker laminas at certain
levels. Coarser sandy laminas (up to 10 % sandrnredevels) are observed at the base of the
core between 560 and 580 cm (Ngos & Giresse, isspréreliminary observations of thin-
sections showed that biogenic particles composedpohgiae spicules and diatoms are
present throughout the core (Figure 3a, 3c). Pilytoland spicules were observed and
counted during diatom counting under the light wscope, but not identified to generic or
specific levels. Minerals such as siderite, qudgldspars and augite could also be observed
in the form of layers or scattered in the sedim@igos et al., 2008; Ngos & Giresse, in

press).



Spicules were more abundant at the base of the @8@é-225 cm), the ratio
spicules/diatoms (Figure 3c) counted was relativegh (> 20 x 16). The most important
peaks appeared at 535 cm (3664 X)1@t 557 cm (363 x 19, at 508 cm (649 x B and
between 391 and 379 cm (403-500 X*JLOAt the upper part of the core, the ratio was
generally low (<10 x 16), the only relatively high values were observed&2 cm (89 x 10
) and 67 cm (35 x If). The ratio phytoliths/diatoms followed broadlyeteame pattern of
variation as spicules/diatoms but values are ldiivegure 3b), peaks were evidenced at 557
cm (1208 x 10), 535 cm (2545 x If) and at 508 cm (1607 x T Relatively lower ratios
were observed between 587-585 cm (17-317%),18t 544 cm (141 x 1% and at 526 (290 x
10%). A decreasing trend was observed towards thetdpe core, the ratio reaches values
close to 2 x 18 between 39 -26 cm.

3.2 Radiocar bon dates

The chronological control is based on nine AMS sadrbon dates performed on total
organic matter (Table I). Four of the nine dateslifated by stars) were already published
and discussed in previous articles (Ngos et aD82Wincens et al., 2010). The other five
radiocarbon dates were processed at the “Laboeatter Mesure du Carbone 14 (Salclay,
France)” with the ARTEMIS AMS facility. The calittian of **C yr BP into cal yr BP was
performed using the radiocarbon calibration progi@ailib Rev 6.0 (Stuiver and Reimer,
1993). Eight of the nine dates showed a good iatezansistency as function of depth while
one performed at 102 cm appeared older than expét#0 + 30 yrs BP). From Ngos &
Giresse, (in press) recent study, we know that \thkanic activity of Mbalang was
insignificant and that of Tizong lake located at Kt west of Mbalang has been of small
radius suggesting Golcanic gases have not affected Mbalang datiHgsice we suggest
that older age at 102 cm cannot be attributedvorémiocarbon activity of volcanic GOThe
older age at 102 cm may indicates an increasedimsatation rate as it is observed in Lake
Assom (Ngos et al., 2003) and possibly in lake figzan the southern part of Adamawa
between 1300 and 2800 yrs BP. The lithology ofdbee did not show any particular unit
that could indicate the changes of sedimentatiexertheless the ratio quartz and plagioclase
over kaolonite and gibbsite revealed an elevatiotoarse elements in the core at 80-100 cm
(Ngos et al., 2008; Ngos & Giresse, in press) hattime resolution is not good enough to
confirm the change. Here we consider the date @dex result of allochtonous or reworked
organic material and consequently the date wasudgdl in constructing the age model.



Assuming that no radiocarbon reservoir age affetttedorganic carbon of lake Mbalang the
remaining eight dates allowed a construction oblyrmomial depth-age model (Figure 4) in
order to calculate by extrapolation the estimatgel @f each studied sample. This age model
was also applied to recent periods (between 535Bfsand the present) becau®&b
analyses are not yet available for accurate cdloulaf sedimentation rate for that period of
time. The polynomial regression intercept nearsindace indicates an age of approximately
150 cal yrs BP suggesting that reservoir age andam@ CQ have little impact on the

proposed chronology.

3.3 Diatom analyses

Diatom slides were prepared from ~ 0.5 g of drgireent by gently heating in 30 %
hydrogen peroxide (Battarbee, 1986) followed byesawvwashings with distilled water. Few
drops (0.2 ml) of the resulting residue suspendedistilled water were evaporated onto a
coverslip, which was subsequently mounted on asgiide with NaphraX!. At least 600
diatom valves were counted per sample or approeimn&00-300 valves when the diatom
concentrations were too low. Counts were done agnifiaation 1000x with oil immersion
objective fa = 1.32) using an Olympus BHT light microscope egenb with Nomarski
optics. Diatom preservation was good throughouttre.

Identification and taxonomy of diatoms were bapedcipally on Krammer and Lange-
Bertalot (1986-1991), Gasse (1980, 1986), Germa#81), Schoeman (1973), Simonsen
(1987).

Ecological interpretations were essentially basedhe modern data of Lake Ossa area
(Nguetsop, 1997; Nguetsop et al.,, 2010) coupledn witeviously documented taxa
preferences in other regions of Africa (Gasse et1895; Servant-Vildary, 1978), for most

including taxa counts and water-chemistry charéties at sampling sites.

3.4 Stable carbon isotope analyses

For measurement of carbon stable-isotope contahtGIN ratios, 90 samples were
taken along the core at intervals varying betweean@ 16 cm with an average interval
sampling of 6 cm. Samples were dried at 50°C for 8. We did not proceed to
decarbonation due to high organic matter contetthénlake. About 1 cfhsubsamples were
ground using a mortar pilar and sieved through au® mesh. About 0.5 mg sediment
powder is weighed and introduced in tin capsulesrgo elemental and isotope analysis.

Elemental C and N contents (%) and carbon isotapeeg of sediment were measured by dry



combustion on a Euro Vector 3000 Elemental Analyaaipled with a Micromass Optima
Isotope Ratio Mass Spectrometer at ISEM laboratMgntpellier). Elemental analysis of
total carbon (TC) and total nitrogen (TN) and tlere C:N ratios were measured from the
surface to 457 cm using the C and N contents ohtaerine standard (C% = 40, N% = 16).
The analytical precision of the N % and C% is abbt. We compared our TC values to
those of Ngos and Giresse (in press) measured #henlyl4 core. The C isotope results are
expressed in deltad) notation whered (%o) = [(RsampldRstandard — 1] X 1000 where &mpie
and Riandarg refer to the*C/*°C ratios of sample and standard, respecti@iC values are
reported in parts per thousand (%o) relative to Yhenna Pee Dee Belemnite (VPDB)
standard. Precision for isotope measurements ofmicla¢ standards (Nist-8541 graphite

international standards and alanine) within samyhs were better than 0.2%.

4 Resultsand inter pretations

A total of 98 species and varieties of diatomsendentified in the 48 studied samples
of the core M4. Figure 5 shows the evolution of thest represented speciesg % in at
least one sample). The ecological preferencesaibutis allowed the individualization of 2
major phases (with 6 sub-phases) in the paleohygical evolution of the lake. Planktonic
and tychoplanktonic diatoms were present througkimeitcore indicating that Lake Mbalang
has never dried up (Figures 6b, c, d and 7a). agssimption is reinforced by the fact that
benthic, epiphytic and aerophilic diatoms remaioedsistently low along the core (Figures 6
e, f, g and 7a). Some diatoms that were recogricseé allochtonous were excluded from the
diatom percentage calculations and sum (Figure 5).

We measured™C and C:N ratios on 90 and 68 bulk sedimentary $esnpf M4 core
respectively (Figure 3d) since M4 is characteribgdsmall amount of siderite and carbonate
(Ngos and Giresse, in press). Lake sedimentarynargaatter may results from a complex
combination of sources: autochtonous organismshivater food chain) and/or allochtonous
material (terrestrial riverine and atmospheric igpuHence the isotopic composition of the
lake bulk matter may reflect a mixture of sevemlirses. Generally terrestrial plants have
high C:N ratios compared with aquatic plants. Meexp erosional exposition and/or long
distance transport of terrestrial organic matterease the C:N ratios. According to Ngos &
Giresse (in press) the organic carbon contentuates between 15 and 20% in the lower two
thirds portion of the sedimentary column beforepgiag, to 10% in the upper pert i.e. during
the last 2,500 years. Our data of total carbong@an6 to 15%) and nitrogen (range : 0.6 to



1%) exhibit the same drop trend after 2500 yrs\B.notice a slight increase during the last
800 yrs BP (Figure 3a). The C:N ratios measurethfd57 cm to the top show a decrease
from 14 to 10 suggesting that M4 sedimentary catimsimostly a terrestrial signature but the
terrestrial carbon contribution to the lake is denb. This first hypothesis is supported by the
sedimentology study of Ngos and Giresse (in press).

The analyses o5"*C along the core show two main phases and a tiamaitphase (3400 to
2500 cal yrs BP ): depleted but highly variableueal (ranging from -24.4 to -31.7%o) for the
period 7200-3400 cal yrs BP and enricR&iC values (~ -23.5 %o) concomitant with Poaceae
pollen (Vincens et al., 2010) for the last ~2500 gal BP (Figure 6a, Figure 7d). According
to Roberts et al. (2001), high lacustrine primargdoction (mostly algae) may increase the
lacustrine isotopic carbon composition values byl8p%. due to the high CCbiological
demand during photosynthetic processes leadingaimpic disequilibrium of the lacustrine
carbonate system. However, the organic carbon shderved by Ngos & Giresse (in press)
and our carbon and nitrogen data do not supporthifpothesis of a greater lacustrine
productivity though eutrophic and planktonic algsteow and increase. According to the
analysis of literature results examining the corgplange o®'°C of benthic and planktonic
algae on a global basis, France (1995) shows teahWaters benthic algae exhibBitC
values of -26 + 3 %o and phytoplankton of -32 + 3 %@, average difference of about 6%o.
Thus assuming that this is true for diatoms of |éklealang we compared the peaks of
abundance of benthic and planktonic diatoms (Figgreb) of M4 core to th&*C. We did
not find covariations with benthic diatoms. The tmain peaks of benthic diatom abundances
(> 30% at 557 cm and 498 cm) observed at the Wagkl @ore are not correlated to enriched
carbon isotope ratios (< -28 %o) and along the Me gdanktonic diatoms increase (decrease)
when &°C increases (decreases). These inverse covariasioggest that planktonic and
benthic diatoms are not the main sedimentary casiooince. Though we cannot exclude that
enriched values from 3400 yrs BP onwards may addfleat a mixture of terrestrial and
freshwater organic matter, we suggest that C:Nsaind carbon stable isotope ratios of M4
core are mainly indicators of vegetation coverled Mbalang watershed. Abundance of the
tychoplanktonic diatoms showed also an inverse matian with the 3°C (Figure 6a,c)
though the two proxies show differences when coewban details. C:N and™*C are
negatively correlated along the section 457-0 crthefM4 core (Figure 3d). This covariation
is not a sign of post depositional changes of tigiral isotopic characteristics of the primary

organic matter but we will show thanks to this mplbxy study that the concomitant
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increase of the**C and Poaceae pollen evolution (Vincens et al.0p@dgether with a
decrease of the C:N ratios (14 to 10) can be imkéeg in terms of paleolimnological and

paleovegetation variations forced by climatic chemg

4.1 Phase | : Between 7200 and 3500 cal yrs BP

The diatom flora of the lake was dominated by tHggotrophic, acidophilous
tychoplanktonic diatoms represented essentiallyAblacoseira distanyar. humilis and A.
distansvar. Africana. These taxa were reported in several tropical svgaamol swampy lakes
from East Africa as Lake Kioga (Uganda) and in sheamps of Bangweulu (Zambia). In
Lake Kioga (altitude 1036 m) they can representaup5 % of the plankton samples (Gasse,
1986). From the study of the modern diatom and aatml water characteristics of
Saharan/Sahelian waterbodies, they were encountarexbld stratified water conditions
(Gasse, 1987) although they generally prefer warmterwconditions (Gasse, 1986). High
percentages (40-80%) of these taxa are encounierd® modern data set of Adamawa in
bottom mud of lake borders occupied by aquatic tagm. In swampy locations, dominated
by sedges and Poaceae, their abundance was rgidtigh (28%) (Kom, 2010). We thus
inferred that these species are characteristitmrofo high water depth and stable water table
that can be occupied by aquatic vegetation or Mmbey also indicate oligotrophic and

acidophilous waters.

From 7200 to 5500 cal yrs BP (subphase:l&igh abundance of tychoplanktonic species
Aulacoseira distanyar. humilis and A. distars var.africana (41-91%) suggest a generally
acidic, oligotrophic and relatively stable or lessixed water table. Alkaliphilous
tychoplanktonic taxaQyclotella ocellataand C. meneghinianaremained consistently low
except at the end of the subphase. Planktonicrdmtepresented mainly . muzzanensis
were also present but exhibits relatively low akama, their highest abundance in this sub-
phase is observed between 7200 and 6300 cal y(48BP3 %).A muzzanensis considered
as an eutrophic (Hustedt, 1927-1966; Cholnoky, 19f&nktonic taxa (Shoeman, 1973),
encountered in the plankton of lakes and greatsigelustedt, 1930; Krammer & Lange-
Bertalot, 1991) but it can also occur in some lakeshallow turbid waters. Their presence
can thus be interpreted in this sub-phase as d stelatively high water depth and more
mixed eutrophic water table, conditions that carobgerved during the dry season when the
north eastern dry winds are preponderant. Henceganenfer from the two previous groups

during this subphase, a generally moderate to laigh level that can be mixed episodically.
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Benthic diatoms represented mainly®tauroneis phoenicenterp8. ancepsar.gracilis and
Pinnularia viridiformis were more important in this subphase, they peakédeen 6900 and
6600 cal yrs BP (up to 38 %) and at 6300-5900 @B (up to 29 %); their high abundance
suggests periods of clearer water column or att lepsodic lowering of lake level. The
hypothesis of lake level lowering is also suggestgdhe presence of sand in the lowermost
part of the core along with abundant phytoliths apicules but the low abundance of
epiphytic diatom taxa excluded a very low lake lewbere the lake basin could have been
occupied by dense macrophytic vegetatidh'C values are low (-32 to -25 %o) with a mean
value of ~ 29.6 + 1.9 %o consistent with a C3-dortedaerrestrial flora. Some very [o®°C
values (-32%o.)may also be due to the presence of plant materilaleinced by the isotopic
effects of a dense, closed canopy forest that dpeel at that time. This phase is also
characterized bg'°C shifts towards higher values: One peak (-27.1%wvades with one of
the major sand layer evidence described at 580e56@nd the two other peaks at 508 and
534-535 cm (~-25%. and -27 %o respectively) covarywmigh the Phytoliths/Diatoms and
Spicules/Diatoms ratios (Figure 3). These resuitd the absence of covariation with the
benthic diatoms reinforced the hypothesis of epistmivering of lake level and the presence
or the vicinity of the aquatic vegetation and intpat terrestrial organic matter input as
supported by Ngos et al., (2008) and Ngos and &réim press).Though epiphytic diatom
abundanceAmphora ovalisCocconeis placentuland varieties an€omphonema gracije
remained consistently low, the hypothesis is néedess supported also by high values of

total organic carbon (Ngos et al., 2008).

From 5500 to 4800 cal yrs BP (subphase Blanktonic diatoms represented mainly Ay
muzzanensisncreased markedly and reached 63-76 % abundaihde tychoplanktonic
diatoms decreased. This suggests an increase efdakl and/or a well mixed water table.
Benthic and epiphytic diatoms nearly disappearedphilous taxaEunotia incisaand E.
pectinalis) exhibit very low abundance (~3 %). The trenddbiC is similar to that of the
previous but with values slightly higher (-29 to4-2 %.) coincident with very high
abundances of eutrophic, pH-indifferent diatom takaough this episode of increas&dC

in eutrophic habitats may be a response to deogazncentrationsf dissolved carbon
dioxide due to increased carbdamand during photosynthesis (Hollander and McKenzi
1991; Law et al., 1995), the presence of 30% ottPaa taxa (Vincens et al., 2010) may also
explain the highd'*C. This later hypothesis is supported by C:N ratiher than 14. We
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suggest that during this time, the lake level waxisegally high, nevertheless, episodes of wind
stress comparable to present day's dry season leager or more severe than before.
Consequently the lake experienced low level epeaily, but benthic and epiphytic taxa
could not develop due probably to a mixed, turbatex column. The high lake level can be
explained by high and probably well distributednfall over the year that allowed the

maintenance of forest vegetation as showd'§ data and the presence of savanna patches.

From 4800 to 3500 cal yrs BP (subphase Rlanktonic diatoms decreased significantly,
tychoplanktonic species rose (up to 75-81 %) theowed a decreasing trend with short
(centennial) spells of very low abundance towahgsend of the sub-phase. This may indicate
a slight lowering of lake level and probably a céFaless turbid water column also evidenced
here by the increase of both benthic, epiphytiat@2 %) at 4500 cal yrs BP and aerophilous
taxa (7-13 %) at 4800-4500cal yrs BP. This is alsested by a slight increase of spicules and
phytoliths in samples which confirm the developmehtaquatic vegetation closer to the
coring site. During this perio®*C background signature remained consistently 188.8 to
-28%0) except at 4400 cal yrs BP where a peak is obsef#®3 %o0). C:N ratios vary
between 12 and 14. However, this sub-phase isdlaoacterized by the appearanceAof
granulatavar. valida, A. granulatavar. tubulosaandStephanodiscus astraealthough these
taxa are typical planktonic species, they shouldnberpreted with caution because in Lake
Ossa area in southern Cameroon (3°50’ N, 9°36tEyas shown based on their bad state of
conservation, their distribution and their abundaimcthe lake modern sediment samples and
in the uppermost layer of soils under the forestaunding the lake, that they are originated
from the Saharan diatomite deposits (Nguetsop .e2@D4). Moreover, recent analyses of
modern sediments from a dried wetland (Ndjombi Spanear Kika SE Cameroon) revealed
the presence of a comparable assemblage of taxa wther diatoms where completely
absent. Hence their abundance in lake sedimentsniexpreted as an intensification of NE
trade winds that are preponderant in Adamawa duitiegboreal winter rather than water
depth or water trophic status changes. We can hgpted that, the appearance of these taxa
in Lake Mbalang marked as in Ossa area an inteaih at least episodically of the NE

trade winds.

4.2 Phase|1: Between 3500 and O cal yrs BP

Planktonic diatoms, dominated by eutrophionuzzanensigsdicated a high lake level

and well mixed water. Tychoplanktonics declinechgigantly during this period and nearly
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disappeared. Windblown diatoms were consisteniggmt, even if their abundance showed
important fluctuationsd*°C values ranged between -29.9 and -2&4howing a significant
increase from the base of this phase to the tapatidg possibly the increasing proportion of
C4 plant vegetation to the landscape cover anzhiison contribution to the lake sediment.

From 3500 to 2800 cal yrs BP(Subphase:IEB)trophic diatoms characteristic of well mixed
layer increased and reached about 70 % at 2600-2&0@s BP A. distansvar. humilis and

A. distansvar. africana which are indicators of the stability of water l@ldecreased
markedly.5"*C values remained low at the beginning and incbas¢he end of the subphase
while C:N ratios decrease from 14 to 12 suggedtirag terrestrial organic matter is still a
major component of the sedimentary organic matécgntent is lower compared to previous
periods. Higher values at the end of the sub-peaeagly suggest the increase of C4 plant
vegetation debris in the lake sediment as repdryedincens et al., (2010). The persistence of
windblown diatoms showed an intensification of wiress on the lake environment. This
phase marked an unequivocal change of climaticitiond in the area; from relatively more
stable or less mixed water table reflecting propdhé stability of the air at low layers of the

atmosphere to more mixed water table linked tdrdaeced seasonality.

From 2800 to 800 cal yrs BEBSubphase lIb)This phase is marked by high fluctuations in
abundances of planktonic taxa at plurisecular toakes AlthoughA. muzzanensidominates
throughout the sub-phasEragilaria delicatissimabecame more important and peaked at
2100 cal yrs BP (14 %), between 1800 and 170@rsaBP (5-61 %) and between 1100 and
900 cal yrs BP (5-14 %). Contrarily #. muzzanensi$-. delicatissimais considered as an
oligotrophic to mesotrophic taxa (Kammer and LaBgetalot, 1991). Lowest abundances of
planktonics are observed at 2400-2200 cal yrs BP0,11400 and 1000 cal yrs BP. In these
levels, the epiphyticGomphonema. gracile, Amphora ovali3occoneis placentuland its
variety lineata) and aerophilousHunotia incisaand E. pectinalis var. minor) diatoms
increased, indicating a lowering of the lake leseleast at seasonal or interannual timescales.
The relatively high abundance of windblown diatomsdicated the maintenance of the
influence of the North eastern trade winds in tlael Mbalang environment. The
development of. delicatissimawhen windblown diatoms are low indicated probadbliess
mixed water table and/or a slight increase in lakel. This idea is reinforced by the fact that
epiphytic, benthic and aerophilous taxa are vew. [bhe sub-phase represents probably the
period of time during which short time maximum dita variability occurred. This variability
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is reflected ord™C, by relatively small fluctuations (-25.5 to 22.3%¢ the base of this sub-
phase and evesmaller after 1500 yrs BP (-24.2 to -22.7%o). Thesktively high3™C
values and C:N ratios between 10 and 12 suggestteyetstrial organic matter input

suggesting the maintenance of C4 plants in Lakel&tiggenvironment.

From 800 to O cal yrs BP (Subphase)litdigh abundance of planktonics indicates a
persistence of high lake level. The two main plankt species alternated at this level, the
change fromAulocoseirato Fragilaria dominated assemblage in diatom community is
interpreted as the changing to more clear watkemuoo or shallowing, reduced mixing when
P:E is low (Stager and Anfang-Sutter, 1999). Thiestantial decrease of windblown taxa
supports the inference for more stable water coluniiis may also indicates important
changes in water trophic status. Among other taxdy Gomphonema gracijeCocconeis
placentulaand its varietylineata remained present with percentages close to thbdkeo
precedent zone. Th&C and C:N ratios were similar to the end of thevimes sub-phase

suggesting yet the maintenance of C4 plants.

5 Discussion

The variations of the abundances of planktonic apchoplanktonics can be
considered as indicators of lake level changes @ag although the curve should be
interpreted with caution because these organismsals® thrive in large free water surface.
Acidophilous oligotrophic and tychoplanktonkulacoseira distanyar. humilis A. distans
var. africana and planktonic tax&ragilaria delicatissimaare characteristic of stable or less
mixed water table, which presupposes also a relgtistable air layer over the lake. During
the boreal summer, a deep atmospheric convectione(L of the cross-section of the
troposphere over tropical Africa (after Leroux, @92001), entails heavy rains that directly
cool waters of the surface. In these condition® alkaracterised by heavy clouds and
subsequent reduced solar radiation inputs, thermiféérences between epilimnion and
hypolimnion are reduced and finally mixing occurrebwever, if in the past, the convective
zone moved farther North than today, the Adamavaeéepli could have been subjected to a
climate that is described by Leroux in zone D whsubsiding air masses present at mid-
levels of the atmosphere generate stability atlewels. Consequently, the weather is cloudy,
and rainfall strongly reduced in form of light raand drizzle. In these conditions, evaporative

heat loss may be suppressed or reduced, surfaceivgaduring this period of low wind
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stress is likely to cause more stability in the evatolumn (Kling, 1987). Hence, high
abundance of the two species in the past can suggeditions close to those observed in the
boreal summer when the ITCZ is farther North thatbié the stability of the water column
and/or the development of aquatic vegetation. Caalg the planktonicAulacoseira
muzzanensigind Aulacoseira granulatathrive better in well mixed water tables, that are
associated to high temperatures, intense stormswamdiness, these conditions that are
observed nowadays mostly during the boreal wimiehe Adamawa plateau entail a deeper
and unique thermocline in the water table (Klin§87). Such large diatoms have also been
used as indicator of water table mixing in eastiosin lakes (Stager et al., 1997). The
variations in the intensity of the NE trade wind® anferred as in Ossa from relative
abundance of windblown diatoms (Fig. 7c). We sugtes the mixing is mostly due to the
intensification of the North eastern trade windsu(dattan) during the year although crater
lakes of the Cameroon volcanic line show high vaisurface ratios and are relatively
sheltered from winds.

Paleoclimatic data suggest that tropical Africa exignced during the Holocene
important paleoclimatic changes that are now wated (Servant et Servant-Vildary, 1980;
Gasse, 2000). The base of the core M4 (7200 yrBRabelongs to the African humid phase
that is documented in several continental siteg (®asse, 2000, Talbot & Johanessen, 1992;
Stager et al., 1997) and marine sites offshorecAfri

5.1 Middleto late Holocene: From 7200 to 3600 yrs cal BP

Diatoms data of Lake Mbalang inferred a stable wable that may indicate a
stronger monsoon flow. These data are consistethit appearance of mountain forest taxa
pollens in the palynological spectrum. The two mabtuindant taxeOlea capensisand
Podocarpus spwvere probably developed on nearby mountains thatt@day covered by
shrubby savannas dominated blymenodictyon floribundusV{ncens et al., 2000 The
nearest modern ecological niche of these two taxarding to Letouzey (1968, 1985) is
located at Mount Ngan-Ha (1923 m), some 35 km eh&bke Mbalang. These species are
also present some 300 km north of the lake at M&atit (7° 50'N; 2049 m) and at Tchabal
Mbabo highlands (7° 18'N, 2460 m) located 165 knstvaf Ngaoundere on the Cameroon
volcanic line. In fossil record®). capensisand/or Podocarpus spccurrences in several
locations in the northern subtropics and subegiztareas of Africa (Salzmann et al., 2002)
and especially during the Last Glacial Maximum wierterpreted as indicative of cooler air

conditions during a longer period of the year lishki® stratiform cloud cover that are
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observed today only during the boreal summer whmamelling system is reinforced off the
Gulf of Guinea (Maley & Brenac, 1998). But this loypesis is less likely during the
Holocene because marine isotopic data off the GulBuinea showed no evidence of past
strong upwellings system at that area (Weldeal. eR@05, 2007). Another alternative is to
consider episodic cold air mass advections of reidaihd high latitudes that can also
contribute to such air conditions, but the weakréghis hypothesis is shown by the absence
of such occurrences in the Saharan/Sahelian regionsg this period (Servant et Servant-
Vildary, 1980). If the climatic determinism is teame as today, their abundance in Adamawa
fossil spectra should imply a northwards displacenoé ecological boundaries as shown by
palynological data (Watrin et al., 2009, Lezinep2Pand reproduced by vegetation models
(Hély et al., 2009). Diatoms in Lake Mbalang inéstfra moderate to high lake level which
can correspond to precipitation lower than todag icontext of low evaporation because of
the far northern position of the ITCZ, but preaibn distribution remained favourable for
forest development as shown by palynological &€ data. Although sponge spicules and
phytopliths were relatively abundant, low epiphydiied benthic diatoms abundance showed
that water level was not strongly reduced. It isgiole that these phytoliths were from a more
important belt than today of ligneous tree fringthg lake Alchornea sp during this period

of relative low evaporation and high water contensoils as is observed in other sites of
central Africa (Ngomanda et al., 2009b).

From 7200 cal yrs BP onwards, the decreasing tdndiatoms characterising the
stable water column is punctuated by several ablaytabundance at 6700, 5800-6000,
5000-5300, 4500 and 3600 cal yrs BP (Figure 9bjesponding probably to episodes of
weaker monsoon flux superimposed on the genenad trghowing the complexity of climate
change towards late the Holocene drier conditidihgs pattern is reflected in water balance
and vegetation landscape in several areas of abpifrica and was largely discussed to
underline the timing and magnitude of climate clerdgpm one region to another and
associated climatic mechanisms (Gasse, 2000). Tireip@ dryness of the climate
corresponding to the end of the African Humid Per{dHP) shown by marine data off
Mauritania (de Menocal et al., 2000; Adkins et 2aD06) is close to 5000-5300 cal yrs BP
(420-470 cm) low spell of tychoplanktonics obseruethke Mbalang (Fig. 9b). This event is
interpreted in Mbalang as a period of increasednginf the water table forced probably by
north eastern trade winds of the dry season. Toexethe more development of Poaceae in
Lake Mbalang area at that time can be explainethérgased seasonality with a longer dry

season compared to the previous period rather #marabsolute decrease of rainfall as
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suggested by Vincens et al. (2010). Lake Ossatddcaouth of Adamawa (3° 50 N)
experienced convective rainfall in agreement withmodel (Figure 9h).

The spell dated at 4500-4000 cal yrs BP correspprazably to the most documented
climatic phase throughout Africa; it was recordedsaveral sites of both southern and
northern tropics (Servant and Servant-Vildary, 1988sse, 2000). Drier conditions are also
registered both by palynological, limnological amdéedimentological data in subtropical
latitudes of western Africa in Biu plateau (12° 3¥ and around lake Sele (7° 9'N) after ~
3800 BP (Salzmann et al., 2002; 2005) with the opmef the Dahomey Gap in the rain
forest belt. In sub-equatorial regions this pemats marked in Lake Bosumtwi by a low lake
level at about 4000 yrs BP (Talbot and Delibria88d) although recent data did not
confirmed this low stand (Russell et al., 2003)cémtral African subequatorial regions, proxy
data inferred important disturbances in the pernplué the equatorial rain forest belt with
possible appearance of included savannas (Ngomeindh, 2009a, 2009b) and complete
dryness of lakes as Lake Sinnda in south Congo 490 4rs BP (Vincens et al., 1994;
Bertaux, 2000). In inner forest block, lakes weess| affected by this climatic change
(Vincens et al.,, 1999; Ngomanda et al., 2007; Kossaet al., 2009). This period is
characterised in Lake Mbalang by the maintenancenditators of stable water table in
agreement with the palynological adifC data, and thus to a stronger monsoon. But the
appearance of windblown diatoms (~4400 cal yrs &®sts probably the beginning of the
aridification of the Sahara and/or the intensifmatof the NE trade winds (Figure 9c).

Despite the scarcity of paleoclimatic records oghlands, the Bambili (western
Cameroon) core provided a 24000 yrs time series hifghlighted the comprehension of
paleoclimatic evolution around the Gulf of Guin&ontrarily to lowlands, Lake Bambili
registered a dramatic low lake level from 10 000@®0 cal yrs BP, then fluctuated around
this low value afterwards (Stager & Anfang-SuttE399) while other sites of tropical Africa
underwent the so called “African humid period”. lake Njupi located north of Bambili at
1020 m altitudeOlea. capensisand Podocarpus spwere present till around 3000 yrs BP,
suggesting a comparable evolution as the Adamaataal. Thus highlands as Bambili (2264
m altitude) may probably have evolved differentlyridg greater part of the Holocene in term
of water balance as suggested by Stager and Ar8atigr (1999), however synchronous
evolutions between lowlands and highlands seentsawe started at 3000 cal yrs BP. Lake
Mbalang evolved like lowlands in term of the pattef change even though the palynological
and hydrological signals seem to have been alsdrailmd by altitudinal and meridian

variations of climatic factors. It is thus possilttat lowlands and highlands below 1200 m
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altitude like the Adamawa plateau were under camst characterised by an important cloud
cover during a greater part of the year while ragds such as Bambili were submitted to
drier climate over the year.

5.2 The Late Holocene (last 3600 years BP)

After 3600 cal yrs BP, diatoms and other proxiekake Mbalang inferred significant
changes of the climatic conditions. High abundaaté\. muzzanensiand A. granulata
suggest a more mixed water layer and a deeper tloéma. These conditions prevail today
during the boreal winter. The lake level remainethtively high after 3000 cal yrs and
decreased between 2400-2100 cal yrs BP. The alagive lowstands are dated at 1800 and
1400 cal yrs BP, time after which the lake staitedevolution towards present day’s high
level (Figure 9a). The windblown diatoms remainethtively important consistent with a
significant influence of the NE trade winds durthg year responsible of a well mixed water
table. Nevertheless, the diatom derived lake depftects limnological variations and
consequently water balance at centennial to mii@ntimescales. The relatively higher
abundance of epiphytic, benthic and aerophilousethiwith planktonic and tychoplanktonic
diatoms in individual samples reflects the lowerioiglake level at the interval of time
represented by one sample (~ 6 yrs) or could refleasonal variability. In that case, one can
hypothesise in such climatic conditions the dewalept of planktonic diatoms during the
rainy season high lake level and development tdrat forms during the dry season at the
lake borders on Cyperaceae (sedges) that fringkakieetoday. But this short term variability
did not strongly affect the vegetation cover. amamgor changes we noticed a depletion of
the 5"°C values (Figure 9d), concomitant with a slightréese of the Poaceae at 1800 and
1400 cal BP (fig 9e). Palynological data in Mbalahgwed the expansion of Poaceae at 3000
cal yrs BP, they remained the most abundant thgrotrer groups of plants until the present
days. Sedges also developed and reached theirshighendance suggesting the lowering of
lake level at a short timescale. Montane forestawth (Figure 9e), and arboreal savannas
taxa abundance became very low. These modificatiotize vegetation landscape implied a
more dry and contrasted climate (Vincens et all,02@s also suggested by diatom habitat
groups and windblown diatoms (Figure 9c). The 22000 cal years event is also well
marked in other sites of the subequatorial regafreentral Africa (Vincens et al., 1999). The
data confirmed a more dry climate in southern Coibgd at the latitude of lake Ossa, woody

pioneer heliophilous taxa appear in the rain fo(B&tynaud-Farrera et al., 1996), probably as
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a result of stormy rainfall rather than absolute lprecipitation (Nguetsop et al., 2004) as
well as in Nyabessan located 200 km south of Obkgroanda et al., 2009b). In Lake
Bosumtwi (6°30’N; 1°,25’E), sedimentological recerdhowed an evolution towards aridity
and more seasonality at about 3000 yrs BP (Russall, 2003, Talbot et Johannessen, 1992).
The reduction of the mixing at 1700, 700 - 600 ahd00 cal yrs BP is marked by a slight
decrease of Poaceae and the increase of Cyperat&®alues decreased also slightly. This
last event shows the sensitivity of vegetation &gdrology to recent centennial climate
variability as it was demonstrated by Ngomandd.€2a07, 2009b).

5.3 Paleoclimatic inter pretation

Diatoms data suggest a decreasing trend of theaonaakflux in Adamawa area from
mid-Holocene (7200 cal yrs BP) to mid-late Hologenensistently with the decreasing
summer insolation in the northern hemisphere amceladively reducing land-ocean contrast
linked to orbital changes. Although orbital changesount for a greater part in explaining the
hydrological changes (Kutzbach and Street-Per@5), they induced regional atmospheric
factors that may be useful in understanding thparse of the local hydrological system. The
better comprehension of climatic changes in cedtfata regions around the Gulf of Guinea
should integrate the structure of the atmospheraglthe wet season when the monsoon flux
overrides the NE trade winds in the northern sumecording to Leroux (1970, 2001), five
climatic zones can be individualized in the memdséructure of the troposphere at this period
of the year, they have been used in interpretirgy plamatic conditions by several authors
(e.g., Nguetsop et al., 2004, Ngomanda et al., R00%he compression and dilatation of these
climatic zones over the year can explain a seriedimatic conditions that are encountered
yearly today between 20°N and 5° S. One can theothgsize that, if in the past the rain belt
moved northwards and entailed rainfall at Sahaegion at around 6000 yrs BP as shown by
paleoclimatic data (Gasse, 2000) and reproducegabgoclimatic models (Kutzbach and
Street-Perrot, 1985, Kutzbach and Guetter, 1986)liikely that all the climatic zones that are
linked to the strengthening of the monsoon, and amdy the convection area, were more
extended than today during the boreal summer. Ayp®thesis is reinforced by the fact that
cloud cover and low evaporation that are limitedalp between 5° S and 4° N are also
reproduced by climatic model in higher latitude6a®00 yrs BP (Kutzbach and Guetter,
1986).

From 7200 — 3600 yrs cal BRhe lake level was mostly moderate to high as

evidenced by planktonic diatoms and the water colgenerally stable. We suggest that the
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ITCZ mean position at that time was north of theatdwa plateau (Figure 2b) in agreement
with paleoclimatic data (Gasse and Van Campo, 198#) position entailed at the latitude of
the studied lake, stratiform cloud cover and lowaggitation (Figure 8a). Temperatures were
consequently relatively low due primarily to thes@nospheric features, but also, to the
relatively high altitude of the Adamawa plateau Q@200 m). These conditions were
favourable for the development of the mountain $btaxa in the vegetation landscape and
the regrowth at the forest borders (Vincens et28110). This period was characterized by
very low mixing except between 5000-5300 cal yrs Bfe Harmattan was probably very
weak until 4500 cal yrs BP.

From 7200 — 6900 cal yrs BP, diatoms data suggesttively deep and stable lake. Despite
the age uncertainties offset and the different tiesolution in published data, this subphase
could correspond to the wet episode that is wetivkm in Saharan and Sahelian regions
(Servant et Servant-Vildary, 1980, Gasse, 2000induhe African Humid period. The high
monsoon inflow suggested by diatoms at 6400, 58600 and 4200 yrs cal yrs BP and
characterized by relatively high lake level in Adama plateau (Fig. 9a) appeared at certain
periods of time to be uncorrelated with data of s@dace temperatures (Figure 9i) and rivers
discharges (Figure 9j) off the Gulf of Guinea (W&l et al., 2005; 2007). This can be
explained if the variability of the mean positiohtbe ITCZ is considered at multi-secular to
millennial timescale as it is observed today over year. Consistent northernmost mean
position of the ITCZ may have favoured rainfalltaé northern part of the catchments of
Niger River while the southern part and probablgreat part of the Sanaga and Ntem may
have been under stable air layers (Figure 2b)h&t tase water discharge off the Gulf of
Guinea may reflect mostly the rainfall in the uppart of the river Niger and can be moderate
or high. Conversely, the southernmost mean posttidMCZ may have favoured high rainfall
around the Gulf of Guinea in the greatest parhef$anaga and Ntem river catchments, and
drier conditions in the upper part of the Niger &ivriver discharge may have been lower
even with higher SSTs off Cameroon. Intermediatsitipms are possible and could entalil
high rainfall at the latitude of the Adamawa plate@ssa high lake levels are observed in the
context of low rainfall between 4800 and 4400 ca BP suggesting a climate with low
evaporation and low rainfall consistent with thethernmost position of the ITCZ. Hence,
the apparent discrepancies observed between tawmfiathe continent, SSTs and rivers
discharges off the Gulf of Guinea during Middle Ltate Holocene (Weldeab et al., 2005,
2007) could be explained by these meridian chanf#®e structure of the lower levels of the

atmosphere at centennial to millennial timescales.
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The low monsoon inflows at 6700, 6000-5800 and 46000 cal yrs BP are also
characterised by relatively low lake levels in Mbal. SSTs are low to medium except at
6700 where they are high. The general conditioggast a position of the ITCZ further north
than today, but brief low lake levels could indecatt least the ITCZ episodic southward
displacements entailing either low rainfall (if tiECZ moves south of Adamawa) or high
rainfall (if the Adamawa region is included in tbenvection zone) and high evaporation in
the two cases (Figure 8b). The appearance of wamdbtiatoms in Adamawa at 4500 cal yrs
BP corresponds probably to the desiccation of thieaB or intensification of the NE trade
winds. At 5300-5000, lake levels are high in AdaraaBSTs and river discharges are high,
rainfall is high in low latitude (Ossa), suggestithg displacement towards the South of the
ITCZ at a position favourable to convective raihfalthe two regions. This phase is probably
contemporaneous of the onset of a dry episode ar&apaleolakes retreated around 5800
year BP (Vernet, 1995, Servant et Servant-VildaBg80) consistently with the termination of
the African humid period (de Menocal, 2001). Attthiene, high mixing as observed at the
upper part of Mbalang core (after 3600 cal yrs BRYws that position of the ITCZ was
closed to its modern position (Figure 2a). Thisdtiapsis is reinforced by the development of
savannah in the vegetation landscape indicatirtgdesy a more contrasted climaBetween
3600 and 3000 cal yrs BP, SSTs off the Gulf of Gaialternate between moderate and low
values, and river discharges were relatively lownmaderate in good agreement with low
rainfall in Ossa but high lake level inferred ilkkéaMbalang may indicated higher rainfall in

Adamawa plateau linked to the displacement towtdredNorth of the convective rain belt.

Between 3000 and 0O cal yrs BRatom data suggest the significant reduction efrtftonsoon
flux. The lake level remained broadly high exceptween 2400 -2100, 1800 and 1400 cal yrs
BP. Although the lake did not decline dramaticaihgicating that rainfall remained relatively
important, the increase of savannah taxa and mh&iintenance until today attest a seasonality
change of the rainfall distribution. The influenckthe NE trade winds during the year is
shown by the persistence of windblown diatoms. v lake level registered both in Mbalang
and in Ossa between 2400 and 2100 cal yrs BP aathérs subequatorial regions of Africa
coincided with higher rainfall in Ossa and impottéluctuations of SSTs off the Gulf of
Guinea while the river discharges decreased grhduiatevealed the unstable position of the
ITCZ and consequently the rainfall belt modificato during this southwards shift. In
agreement with our model, this episode corresptmtise southernmost position of the ITCZ,

at least episodically. Consequently, it entailederarid conditions northwards as shown by
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intense windblown diatoms indicating the strengihgrof NE trade winds in Ossa, stormy
rainfall around the Gulf of Guinea with subsequdisturbances inside the forest block. After
2000 cal yrs BP, the evolution towards present dsyabserved. These new conditions are
roughly characterized by relatively high lake lereDssa and in the Adamawa, high rainfall
in Ossa suggesting a sharp northwards shift ofriban position of the ITCZ. Meanwhile,
both river discharges and SSTs showed a decretasimg, Brief highstand at 2000-1900 cal
yrs BP, lowstands at 1800 and 1400 cal yrs BPtattdhe more intense or weakening of the
monsoon inflow respectively . The 700 - 600 and4@0 cal yrs BP marked a slight
intensification of the monsoon which is well receddooth by rainfall regime and lake level in
Ossa.

Holocene short climatic events were evidenced versg sites of the monsoon domain both in
Africa and Asia, the forcing factors is primarilipet modifications of insolation that is
modulated by sea surface temperatures and landcssrffeedback mechanisms ( Gasse et
Van Campo, 1994, de Menocal et al., 2000).

6 Conclusions

Planktonic and tychoplanktonic diatoms variatioggested that Lake Mbalang did not dry
during the last 7200 cal years BP but relativettlatons of water level are observed. A low
lake level recorded at 2400-2100 cal years BP isteznporaneous to a climatic event
evidenced in several areas of tropical Africa, olbe lake levels are observed at 1800 and
1400 cal yrs BP, after which the lake rose to itsspnt level. Nevertheless, diatom data
showed that the lake evolved from oligotrophic Eafeater table before 3600 cal years BP to
mixed and eutrophic conditions afterwards corredpanrespectively to a strong monsoonal
flow before and a more intense north eastern tmaiels (Harmattan) after. Th&“C
sedimentary isotope data indicated the developnrenthe landscape of more forested
vegetation, also confirmed by palynological datgaod agreement with the inferred climate.
However, the decreasing monsoon trend was pundtuateseveral abrupt weakenings at
6700, 5800-6000, 5000-5300, and 4500 cal yrs BRerA3000 cal yrs BP, the savanna
vegetation developed in the Adamawa area and peaidifl today. These climate changes can
be attributed to the modifications of the positiohthe Intertropical Convergence Zone
(ITCZ), its northernmost position between 7200 8300 cal yrs BP entailed at the level of
the Adamawa plateau, a climate characterized by l@v precipitation and also very low

evaporation as it is observed today during thed@emmer in the south west of Cameroon.

23



After 3600-3000 cal yrs BP the ITCZ moved southwaehd reached a position where
convective rainfall became dominant, but its amoamd/or its distribution were no more

favourable to forest development.
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Table caption

Table 1: Radiocarbon dates from the core M4. * Baleesady published (Ngos et al., 2008;
Vincens et al., 2010). ** Date not used in the agmlel.

Figure captions

Figure 1: Location of Lake Mbalang in the Adamavatgau and morphometric features of
the lake and its area. The location of the lakshmwvn with a black star in b.

Figure 2: Map showing the variations of generaheliic settings over Africa, selected studied
sites are mentioned. (a): Modern positions of tnd@ical Convergence Zone (ITCZ)
during the northern summer (ITCZ July) and during morthern winter (ITCZ January),
strong arrows represent the monsoon flux whileedb#trrows represent the NE trade
winds (Harmattan)(Leroux, 2001). Orange full limepresent isohyetal lines 1500 mm
and 100 mm (New et al., 2000). Selected sites waleorecords (green dots) are
available: 1-Bosumtwi, 2- Sele, 3- Tilla, 4-Djupt, Shum Laka, 6- Bambili, 7-Barombi
Mbo, 8-Ossa, 9-Nyabessan (Ntem River), 10-Ngueh&ifinda, 12-Kitina and
Mbalang (red dot). (b): Possible position of ITC&dre 3600 cal years BP inferred
from diatom and™*C isotopic data. Rivers of the Gulf of Guinea: Nt Nyong (b),
Sanaga (c, Benoué (d) and Niger (e)

Figure 3: Detailed lithology of the core M4 andimadirbon ages performed:; variationsiiC
(%0) and C:N ratios (d), variation of the ratios Rilghs/Diatoms and Spicules/Diatoms
over the core (b, c), and variation of total C &h(P6) in the first 457 cm of the core.
The dashed lines highlight the significant increafsmicrofossil and isotopic values at
the base of the core. The grey band representy saedt deposits.

Figure 4: Calibrated’C years BP versus depth in the core M4. The blgalare represents
the measure date that was excluded in the age model

Figure 5: Variation in abundances of the most damirtaxa (> 5% in at least one sample)
belonging to different habitat groups and windblatiaitoms over the core.
Hydrological phases corresponding to diatom zonesnaicated.

Figure 6: Mean values and standard deviations di datom (b to g) habitat group (%) and
813C (a).8"°C extreme values are also reported. The dashes tiiighlight the phase
thresholds defined by diatom statigraphy alongcthre.

Figure 7: Variations of Habitat (a), trophic stafbyand pH (c) groups over the core. Habitat:
Planktonics, Tychoplanktonics, Epiphytics, Bentlaosl Aerophilous. Trophic status:
Oligotrophics strong line, indifferent (dotted I)rend eutrophic taxa. pH: Acidophilic
(strong line), Alkaliphilic (dotted line)) and phhdifferent taxa. Modifications of
vegetation type over the core (d)
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Figure 8: Sketch of atmospheric features (cloud®rcand air movement) and relative
modifications of Lake Mbalang level, in the dry sea (January) and rainy season
(August) before 3500 cal years BP (a) and aftersénil Before 3500 cal years BP,
stratiform cloud cover were abundant, convectiweidlare dominant after 3600 cal
years BP.

Figure 9. Comparisons between Lake Mbalang (N&#meroon), Lake Ossa (South-West
Cameroon) and Gulf of Guinea. Lake Mbalang levelatens evidenced by relative
abundance of Planktonics + Tychoplanktonics (a)n&tmn flux intensity reflected by
stable water diatoms, higher percentages corresfgpomdre intense monsoonal flux (b),
NE trade winds (Harmattan) intensity, higher alkoctous diatom abundance indicates
more intense Harmattan (c).Changes from C3 to @dirtint plants in vegetation is
evidenced by**C of sedimentary organic matter (d), also showpdlynological data
(e)(Vincens et al., 2010). Variations in NE tradeds (Harmattan) (f) and lake level ()
are shown in Lake Ossa as well as relative chamgainfall evidenced from
alkaliphilous diatoms (h) (Nguetsop et al., 2004riations in temperature off Gulf of
Guinea is shown from Mg/Ca based SST (i), Rivessltirge based on ration Ba/Ca is
also shown (j) (Weldeab et al., 2005, 2007).
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